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The relativistic Fe emission line in XTE J1650-500 with BeppoSAX: 
evidence for black hole spin and light bending effects? 
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ABSTRACT 

We report spectral results from three BeppoSAX observations of the black hole candidate 
XTE J1650-500 during its 2001/2002 outburst. We find strong evidence for the presence 
of a broad and strongly relativistic Fe emission line. The line profile indicates an accretion 
disc extending down to two gravitational radii suggesting the presence of a rapidly rotating 
central Kerr black hole. Thanks to the broadband spectral coverage of BeppoSAX, we could 
analyse the 1 .5-200 keV spectra of the three observations and report the presence of a strong 
reflection component from the accretion disc, which is totally consistent with the observed 
broad Fe emission line. The shape of the reflection component appears to be affected by the 
same special and general relativistic effects that produce the broad Fe line. We study the 
variation of the different spectral components from the first to the third observation and we 
find that they are well reproduced by a recently proposed light bending model. 

Key words: black hole physics — X-rays: individual (XTE J1650-500) — X-rays: stars 



1 INTRODUCTION 



■ Black Hole Candidates (BHC) often exhibit transitions between 
, different X-ray states, defined by their different spectral and 
' temporal behaviour fl^n aka & L ewin 19951 Ivan der Klis 19951 

■ [Mendez & van der Klis 19971 IMcClintock & Remillard 20031 . 
Transitions between different X-ray states are believed to be 
mainly due to variations in the mass accretion rate. However, 
recent observations (see e.g. Homan et al. 2001) strongly suggest 
that a single parameter is not sufficient to explain the nature of 
the different states, and at least a second one must be considered, 
whose nature is still unclear. Black hole X-ray binaries appear 
to evolve through a continuous range of states whose general 
properties strongly depend mainly on the relative contribution 
and interplay between two main spectral components, i.e. a soft 
thermal disc component and a hard non-thermal power law 
component. In some cases the presence of a reflection component 
and/or of emission lines and edges has been observed suggesting 
reprocessing of the hard X-rays by cold material (generally 
identified with the accretion disc). 

Here we report spectral results from three BeppoSAX obser- 
vations of the BHC XTE J1650-500 during its 2001/2002 out- 
burst. The X-ray transient XTE J1650-500 was first detected 
in outburst with the Rossi X-Ray Timing Explorer (RXTE) on 
2001 September 5 iRemillard 2001 1. Optical and radio counter- 
parts were identified by Castro-Tirado et al. (2001) and Groot 
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et al. (2001), respectively. Subsequent observations revealed X- 
ray variability, a hard spectrum and quasi-periodic oscillations 
(QPOs) at a few Hz making the source a BHC , although the 
mass of the central object is still not well constrained by the data 
jMarkwardt, S wank & Smith 200l| |RevnivtsevXSunyaev 200T| 
^ijnands, Mille ^^^ewu^O^^ ~High frequency variability at 
about 250 Hz (and also likely at 250 x 2/3 Hz) has also been de- 
tected I Homan et al. 2003 I. If the 250 Hz oscillation is interpreted 
as the orbital frequency at the innermost stable circular orbit, one 
can obtain a mass estimate of 8.2 Mq for a non-rotating black hole. 
If a rotating black hole is considered, the black hole mass could 
well be much higher. 

XMM-Newton observations close to the peak of the outburst in 
the very high state revealed the presence of a broad and asymmetric 
Fe emission line suggesting that the black hole in XTE J 1650-500 
is rapidly rotating ( Miller et al. 2002a I. Fe line diagnostics is poten- 
tially very important for constraining the accretion flow geometry, 
black hole spin and the nature and location of the primary source 
illuminating the accretion disc. Such diagnostics has already been 
used in both BHC (see for example Martocchia et al. 2002; Miller 
et al. 2003, 2002a,b,c) and active galaxies (see e.g. Tanaka et al. 
1995; Wilms et al. 2001; Fabian et al. 2002 for the most remark- 
able case of MCG-6-30-15). 

The BeppoSAX observations of the 2001/2002 XTE J1650- 
500 outburst were performed just before and after the XMM- 
Newton observation that revealed the presence of a relativistic Fe 
emission line. Our main purpose is to explore the Fe line energy 
band to confirm (or not) the XMM-Newton detection and to ob- 
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tain improved constraints from the broadband spectra; thanks to 
the broadband coverage of the BeppoSAX instruments, we present a 
self-consistent analysis of the 1.5-200 keV spectrum XTE J1650- 
500 during its 2001/2002 outburst. 



2 OBSERVATIONS 

XTE J1650-500 was observed 3 times by the Italian-Dutch satel- 
lite BeppoSAX (Boella, Butler & Perola 1997a I during 2001. Here 
we report on the three observations made on September 1 1 (obs. 1), 
September 21 (obs. 2) and October 3 (obs. 3). For comparison, we 
note that the XMM-Newton observation by Miller et al. 2002 that 
revealed the presence of a broad, relativistic Fe line was performed 
on September 13. In this paper, data from the imaging instruments 
(LEGS Parmar et al. 1997 and MFCS Boella et al. 1997b) and 
from the collimated PDS iFronteraet al. 1997 1 instrument are re- 
ported. The data files have been obtained from the BeppoSAX pub- 
lic archive. Spectra for the LEGS and MEGS instruments are ob- 
tained within a circular region centred on the source with radius of 
8 arcmin. The background was extracted from event files of source- 
free regions of the same size. Spectra were grouped such that each 
bin contains at least 20 counts. Exposures times for LEGS were 
of 20 ks, 14 ks and 7 ks (obs. 1,2 and 3 respectively), while the 
MEGS exposures were of 47 ks, 64 ks and 28 ks. The PDS expo- 
sure times were of 21 ks, 31 ks and 12 ks. The BeppoSAX data were 
fitted by using the XSPEC 11.2 package ( Arnaud 19961. In the fol- 
lowing, all the quoted uncertainties on the parameters correspond 
to 90 per cent confidence intervals for one interesting parameter 
(Ax' = 2.71). 



3 SPECTRAL ANALYSIS 

We first analysed the MEGS data in the 2.5-10 keV energy band 
in order to look for the presence of a broad Fe emission line as ob- 
served in the September 13 XMM-Newton observation by Miller 
et al. (2002a). Some feature is present in the MEGS data below 
2.5 keV, independently of the spectral model that is used to anal- 
yse the data. We thus decided to ignore the low energy data below 
2.5 keV and focus on the iron line energy band. To better constrain 
the continuum and to assess the relevance of reflection components 
in the spectra, we then added the PDS data in the range 13-200 keV. 
Some data from the LEGS instruments ( 1.5-3.0 keV ) have also 
been considered and we report our analysis of the broadband 1.5- 
200 keV data ( LEGS -I- MEGS + PDS ). 

3.1 The 2.5-10 keV spectrum from the MECS instrument 

We first analysed the MEGS data by considering the "standard" 
model for galactic black hole candidates X-ray sources, i.e. a multi- 
colour accretion disc blackbody (MGD) from Mitsuda et al. (1984) 
and a power law, modified by absorption in the interstellar medium 
(the PHABS model in XSPEC). The fit is very poor for the first two 
observations (x' = 958 and x' = 422, respectively) and better for 
obs. 3 (x' = 200) for 156 de grees of freedom. The main reason 
for the low quality of the fits is the presence of large residuals in 
the region of the Fe complex, above 3.5-4 keV. The shape of the 
residuals strongly suggest the presence of a broad and asymmetric 
Fe emission line in the three observations. 

We then describe the 2.5-10 keV MEGS data by adding the 
LAOR model to account for relativistic iron line emission from an 



accretion disc around a Kerr black hole. In this model, the emissiv- 
ity profile on the accretion disc is described by a power law of the 
form e(r) = r^^ , where the emissivity index /3 is a free parameter 
of the model. After some testing, the inclination was fixed to 45 de- 
grees (as in Miller et al. 2002) as the data indicate clear preference 
for intermediate inclinations. The outer disc radius was fixed to its 
maximum possible value of 400 Vg, where rg — G M/c? and M is 
the black hole mass. The inner disc radius, the emissivity index, the 
rest energy of the emission line, and the model normalisation were 
let free to vary during the fit. A smeared edge (SMEDGE) was also 
added to the model. This phenomenological model for the absorp- 
tion edge is here considered for comparison with previous works 
only. A more physically-motivated reflection component will be 
considered in the next Section where the 1.5-200 keV spectra are 
discussed. 

The addition of the SMEDGE and LAOR components signif- 
icantly improved the fit (x' = 158, x' = 197, and x' = 149 
for obs. 1, 2, and 3 respectively, for 149 degrees of freedom) with 
respect to our initial model ( DISKBB + POWERLAW ). However, 
some positive residuals are still found in the Fe line band, sug- 
gesting the presence of an emission feature around 5 keV. We then 
added a narrow Gaussian (with fixed zero width) and we detected 
emission features at 5.4 keV in obs. 1 and at 5.2 keV in obs. 2 and 
3. The narrow line EW is small (less than 20 eV), but its inclu- 
sion in the model improves the statistic (Ax' ~ 9 — 12 depending 
on the observation with two less degrees of freedom). Its possible 
origin is discussed below. The results of the spectral analysis are 
reported in Table 1 as MODEL 1 . Taking into account the three ob- 
servations, the effective neutral hydrogen column density is found 
to heNn ^{ 0.5 ±0.1) x lO'' atoms cm"'. 

In Fig. 1, to demonstrate the presence of the broad Fe line 
in the data, we show the data/model ratio obtained ignoring the 4- 
8 keV band in fitting the model. The data have then be re-inserted 
to show the broad residuals indicating that a relativistic Fe emission 
line is present in the data, as detected with XMM-Newton by Miller 
et al. (2002). 



3.1.1 The broad Fe line 

The LAOR model best-fit parameters indicate the presence of a rel- 
atively strong and highly relativistic iron line with equivalent width 
of about EW ~ 300 eV. The line energy in obs. 2 and 3 indicates a 
high level ionisation, while in obs. 1 it suggests emission from less 
ionised iron. The emissivity profile on the accretion disc is well de- 
scribed by a steep power law with index (3 ~ 4 — 5. This steep 
emissivity is consistent with previous measurements with XMM- 
Newton IMiller et al. 2 002a l and strongly suggests that the accre- 
tion disc is illuminated by a centrally concentrated source of pri- 
mary hard X-rays that strongly irradiates the inner disc region. 

The Fe emission line profile indicates emission from an accre- 
tion disc extending down to about 2 rg. Such a small inner disc ra- 
dius is not consistent with a non-rotating Schwarzschild black hole 
if the accretion disc is assumed to extend down to the marginal sta- 
ble orbit (6 Tg for a Schwarzschild black hole). On the other hand, 
since the marginal stable orbit for a maximally rotating Kerr black 
hole has a radius of about 1.24 rg, the data suggest the presence of 
a central rapidly rotating Kerr black hole. However, the measure of 
an inner disc radius smaller than 6 rg does not necessary mean that 
the black hole must be spinning. Indeed, Reynolds & Begelman 
(1997) showed that the line profile from an accretion disc around a 
Schwarzschild black hole can be very similar to the one computed 
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Figure 1. 2.5-10 keV data/model ratio obtained with a multicolour disc black body component, a power law and a smeared edge modified by photoelectric 
absorption for the three BeppoSAX observations. The 4-8 keV band, where emission line features are expected, has been ignored in fitting the model. Ratios 
have been rebinned for visual clarity. 



in the Kerr spacetime, if emission within the marginal stable orbit 
is considered (but see Young, Ross & Fabian 1998). 



3.1.2 The features around 5 keV 

As discussed above, a narrow emission line at 5.4 ±0.1 keV is for- 
mally required in obs. 1, while the line energy is 5.2 ± 0.2 keV 
in obs. 2 and 3. Although the measured EW is low, these fea- 
tures worth a brief conmient. More than a single interpretation is of 
course possible both as emission around 5.2-5.4 keV or as absorp- 
tion at slightly higher energies (for a similar feature in NGC 3516 
see Nandra et al. 1999). Narrow emission lines with E < 6.4 keV 
are also seen in active galaxies (e.g. Turner et al. 2002, 2004; 
Guainazzi 2003; Yaqoob et al. 2003; Dovciak et al. 2004). The 5.2- 
5.4 keV features in XTE J1650-500 could part of the main broad 
relativistic line. If, as it is likely, the emissivity on the disc is more 
complex than a simple power law, it is possible that some small fea- 
tures of the line profile are not well described by the LAOR model. 
Redshifted iron emission from an outflow, absorption due to reso- 
nant scattering in infaUing material, or spallation of iron producing 
a fluorescent Cr emission line (Skibo 1997) provide other interest- 
ing possibilities. 

On the other hand, since the Fe line profile is very broad, 
an explanation in terms of emission from the itmer accreting flow 
seems likely. It ispossible that the observed features are due to red- 
shifted Fe Ka emission line from the accretion disc, superimposed 
to the main broad Fe line component. As an example, a strong flare 
originating very close to the disc surface will illuminate only a very 
small region of the disc. The emissivity profile would thus comprise 
two components, a power law emissivity due to the illumination of 
the whole disc by the corona emission (producing the broad Fe line) 
and a small bump at the radius where the flare is active. If this is 
the case, we would mainly observe the blue horn of the emission 
line associated with the flare, the red wing being faint and confused 
with that of the main broad Fe line component. We tested this pos- 
sibility by replacing the narrow Gaussian with a second LAOR line 
with energy and inclination tied to that of the main component and 
found results comparable to those reported in Table 1 if the 5.2- 
5.4 keV line comes from a narrow ring around 2-3 Vg. Since the 
quality of the data docs not allow to distinguish between the differ- 
ent possibilities, we will not discuss them any further. We however 
include in our modelling a Gaussian emission line with fixed zero 
width at 5.2-5.4 keV, depending on the observation. 



3.2 The broadband 1.5-200 keV spectrum of XTE J1650-500 

In order to better constrain the Fe line parameters, a careful analysis 
of the underlaying continuiun is necessary. It is clear that a power 
law and a SMEDGE model are simple, and probably too rough, ap- 
proximations to the hard spectral shape. In particular, the presence 
of the Fe line strongly suggests that a reflection continuvun due to 
reprocessing of the primary X-rays by the accretion disc, is present 
in the data. The 2.5-10 keV energy band is too Umited to constrain 
the reflection continuum, and for this reason we consider the high 
energy data from the PDS instrument as well (in the range 13- 
200 keV). We also add some low energy data (1.5 to 3 keV) from 
the LEGS instrument, to better constrain the thermal component of 
the spectrum. At lower energies, some absorption/emission features 
are visible. We decide to ignore these features in this analysis that 
is focused on the Fe complex and does not benefit much from the 
data below 1.5 keV. 

The extension of the previous model (MODEL 1) to the 1.5- 
200 keV band does not provide a very good description to the data. 
The main reason is the presence of spectral curvature and positive 
residuals above 20 keV. The shape of the residuals suggests the 
presence of a Compton hump due to a reflection component. Be- 
cause of the presence of these residuals and of the relativistic Fe 
emission line, and anticipating the presence of a ionised disc as 
suggested by the Fe line rest energies (see Table 1), we add a re- 
flection component (PEXRIV, from Magdziarz & Zdziarski 1995) 
to our model, and remove the phenomenological SMEDGE model. 

Moreover, as all the components emitted from the accretion 
disc should be affected by the same relativistic effects, the reflec- 
tion component, the thermal disc black body component and a nar- 
row (i.e. with fixed zero width) Gaussian emission line are rela- 
tivistically "blurred" by convolving it with the core of the LAOR 
model. The width of the Gaussian emission line is fixed to zero 
because the Fe line profile is dictated by the effects of the relativis- 
tic blurring; our description of the Fe emission line is completely 
equivalent to the one provided by the LAOR model. The incident 
continuum is described by a power law with high energy cutoff; the 
photon index, cutoff energy and normalisation are tied to those of 
the PEXRTV model. We also include a (non-blurred) narrow emis- 
sion line to model the features at 5.2 — 5.4 keV, as discussed in the 
2.5-10 keV analysis. 

All abundances in the reflection model were fixed to solar val- 
ues while the relative normalisation between incident power law 
and reflection (the relative reflection R) was let free to vary during 
the fit. The outer disc radius was fixed at 400 rg and the inclina- 
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Figure 2. The 1.5-200 keV spectrum of obs. 2 and the data/model ratio (in 
terms of it) obtained with our MODEL 2 when the 4-8 keV band is ignored 
in the fitting. The data have been rebinned for visual clarity. 



tion at 45 degrees, as before. We notice also that the same model 
was used by Miller et al. 2002 to describe the September 13 XMM- 
Newton data. Hereafter we shall refer to this model as MODEL 2. 

This model works well on the data of obs. 2 and 3 (x^ jdoj — 
533.5/434 and ^ jdoj = 434.8/416, respectively ) but a rea- 
sonable fit can be obtained for obs. 1 only up to about 60 keV 
iX^/dof = 402.5/324). In obs. 1 a sharp feature is detected 
around 35 keV in the PDS data and is most likely instrumental. 
If the associated energy band is ignored in fitting the spectrum, the 
statistics is much better (x^ /dof — 317.8/314) and fit parame- 
ters are unaffected. However, the main problem for obs. 1 is that, 
if higher energy data above 60 keV are included, MODEL 2 fails 
to give an appropriate description of the spectrum. We shall re- 
port now our results with MODEL 2, restricting the energy band to 
1.5-60 keV for obs. 1, and discuss later in some detail the broad- 
band spectrum for this first observation. The results of the fits with 
MODEL 2 are reported in Table 2. 

We measure an increase in the photon index from F = 1.81 
in obs. I to r ~ 2.1 in obs. 2 and 3 which is consistent with the 
general trend obtained by Rossi et al. (2003) from the analysis of 
RXTE observations during the same outburst, and an inner black 
body temperature of 0.6 — 0.7 keV. The data support the presence 
of a reflection component that contributes significantly to the hard 
flux, especially during obs. 2 and 3 where the reflection fraction 
R is significantly greater than unity: the trend is of increasing R 
with time, from obs. 1 (R ~ 0.8) to obs. 2 (i? ~ 2.1) and 3 
(R ~ 2.9). The large values of the relative reflection measured 
in obs. 2 and 3 indicate that the accretion disc is viewing more il- 
luminating radiation than we actually detect in the power law com- 
ponent. The surface disc temperature and the ionisation parameter 
(0 of the reflection model vary in the range 1 — 9 x 10^ K and 
0.2 — 1.6 X 10* erg cm/s, respectively. Although these values are 
not well constrained by the data a trend of increasing ^ from obs. 1 
to 3. is observed (see Table 2). Since the X-ray flux decreases from 
obs 1 to 3 (see Section 4 and Table 3) this indicates that the ioni- 
sation parameter is not correlated with flux. A possible explanation 
for the behaviour of R and ^ is given in Section 4. 

Once again, the most relevant results concern the broad iron 
emission line. In all observations, the line emission is consistent 
with the disc extending down to about 2 gravitational radii suggest- 
ing the presence of a rapidly rotating Kerr black hole. Replacing 
the LAOR kernel with the DISKLINE one which describes a non- 
rotating Schwarzschild black hole, and fixing the inner disc radius 
at 6 Vg results in a worse description of the spectra (the smallest 
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Figure 3. The 15-200 keV spectrum of obs. 1 from the PDS instrument 
demonstrates that our MODEL 2 is inappropriate to describe the data above 
60-70 keV. A much sharper cutoff than the one provided by the CUTOFFPL 
model is needed. 

variation is Ax^ = 17 with one more degree of freedom in obs. 3, 
while the largest occurs in obs. 1 with Ax^ = 70). We stress again 
that Tin is measured not only through the iron line but is the result 
of the fit on all the components that are thought to originate from 
the accretion disc that are blurred with relativistic effects, so that 
the significance of the measured rin is, in our opinion, enhanced. 
The PEXRIV model (lacking comptonisation) predicts too sharp an 
edge at high levels of ionisation and could thus require extreme rel- 
ativistic blurring at high ionisation to smooth it out. However, the 
measured /3 and rin do not show any trend toward extreme values 
as the ionisation parameter increases from obs. 1 to 3 by nearly one 
order of magnitude, so that we are confident about the robustness 
of our results. The emissivity index and the inner disc radius are 
both consistent with being constant from obs. 1 to 3. 

The line EW is about 200 eV, depending on the observa- 
tion and it is smaller than in the analysis of the 2.5-10 keV data 
(see Table. 1). This is mainly due to the non negligible contri- 
bution of the ionised reflection continuum in the Fe line region. 
The emissivity profile of the disc is quite steep (/? ~ 3.5 — 3.8) 
suggesting that the iron line emission is concentrated in the in- 
ner regions of the accretion disc. Summarising, our results con- 
firm the evidence for the presence of a Kerr black hole rotating 
close to its maximum possible angular momentum (a = 0.998) 
in XTE J 1650-500 as shown in the XMM-Newton observation by 
Miller et al. (2002), although other interpretations may still be vi- 
able jReynoIds & Begelman 1997) . As an example, the broadband 
1.5-200 keV spectrum of obs. 2 is shown in Fig. 2: the model is 
fitted ignoring the Fe line energy band between 4 and 8 keV. This 
energy range is then re-inserted to show the residuals in the Fe line 
region. 

3.2.1 The 1.5-200 keV spectrum of observation 1 



As already mentioned, MODEL 2 does not provide a good de- 
scription of obs. 1 if data above 60 keV are included in the analy- 
sis. The reason of the failure is clearly shown in Fig. 3, where we 
show the PDS spectrum when the 1.5-60 keV best fit model for 
obs. 1 is extended up to 200 keV. The data in obs. 1 clearly re- 
quire a sharper cutoff above 60 keV than the one provided by the 
exponentially decaying power law and reflection. Even if the high 
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energy cutoff of the CUTOFFPL and PEXRIV models is forced to 
assume low values, a reasonable fit can not be found. The sharp 
cutoff is most likely the sign of a comptonised continuum which 
is only roughly approximated by the exponentially cutoff power 
law. For simplicity, we describe the sharp break with a simple phe- 
nomenological model replacing the PEXRIV + CUTOFFPL model 
with a BEXRIV + BROKENPL, i.e. assuming a broken power law 
illuminating spectrum. The model provides a reasonable descrip- 
tion to the broadband spectrum of the first BeppoSAX observa- 
tion (with /dof = 516.0/448) without changing the results of 
the 1.5-60 keV analysis reported in Table 2. The difference is the 
presence of a break energy at about 70 keV where the photon in- 
dex changes. Above that energy, the photon index steepens from 
Flow ~ 1.8 to Fhigh ~ 2.6. As before, ignoring the PDS sharp 
feature energy band around 35 keV gives a much better fit with 
'X^ /dof = 428.5/438. The spectral break is not visible in obs. 2 
and 3 probably because of the lower signal to noise ratio in the PDS 
data that does not allow to constrain the shape above 60 keV well 
enough. 



4 FE LINE VARIABILITY: EVIDENCE FOR LIGHT 
BENDING ? 

In this Section, we investigate the correlations between the Power 
Law Component (PLC) that illuminates the accretion disc and the 
reprocessed Reflection Dominated Component (RDC), i.e. reflec- 
tion continuum and the iron line. 

In the three observations, we observe that the contribution of 
the black body component to the total flux gradually increases with 
time, while the PLC contribution shows the opposite trend. The 
1.5-200 keV flux of the black body component increases by about 
one order of magnitude, while the PLC flux decreases by an even 
larger amount (see Table 3). As already mentioned, the relative re- 
flection R increases by about a factor 3 as the PLC decreases from 
obs. 1 to 3, suggesting that R is anti-correlated with the PLC flux. 

Our results are difficult to explain in the framework of the 
standard view of reflection models because any RDC emitted 
from the accretion disc is expected to respond to changes in the 
illuminating flux (the PLC), so that R should remain constant 
as the PLC flux changes. However, this picture is probably 
oversimplified and fails (for example) to account for the variability 
of the Seyfert 1 galaxy MCG-6-30-15. As already pointed out by 
Miller et al. (2002), this AGN exhibits some clear similarities with 
XTE J 1650-500. In particular, it is characterised by an extremely 
broad iron emission line (strongly suggesting the presence of a 
Kerr black hole) and a steep emissivity profile iWilms et al. 20011 
[Fabian et al. 2002 1. MCG-6-30-15 exhibits also a peculiar vari- 
ability behaviour: in its normal states the spectral variability can 
be accounted for by a phenomenological model comprising a PLC 
that varies in normalisation and an almost constant RDC (and iron 
line) ^Shih, Iwasawa & Fabian 2002| [Fabian & V aughan 2003', 
[Taylor, U ttley & McHardy 2003 (. In low flux states, the iron line is 
correlated with the PLC ( Reynolds et al. 2003 (. This behaviour has 
been successfully reproduced in terms of a light bending model in 
which general relativistic effects strongly affect the emission in the 
near vicinity of the central Kerr black hole jMiniutti et al. 20031 
^iniutti & Fabian 2004 (. 

The basic idea of the light bending model is that the PLC 
variability is mostly due to changes in the height of a centrally 
concentrated primary source of hard X-rays above the accretion 
disc rather than to changes in its intrinsic luminosity. If the source 
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Figure 4. From top to bottom, we show, as a function of the 1.5-200 keV 
flux of the PLC: i) the Fe line flux; ii) the Fe line EW computed with respect 
to the PLC only (EWpLc) ™d with respect to the reflection continuum only 
(EWjiEp); iii) the relative reflection R. The obs. number is showed in the 
top panel and refers to the other two figures as well. Results are discussed 
in the text. 



height is small (few gravitational radii), most of the radiation is 
bent onto the accretion disc by the strong gravitational field of the 
central black hole: this strongly reduces the observed PLC at infin- 
ity and enhances the illumination of the disc. The Fe line (and any 
RDC) varies with much smaller amplitude than the PLC and dif- 
ferent regimes can be identified in which the line is correlated with 
the PLC, almost constant, or anti-correlated with the PLC. These 
regimes correspond to low, medium and high PLC flux states. 

A major prediction of the model is that the hard spectrum be- 
comes more and more reflection dominated as the PLC drops (i.e. 
as the height of the primary source decreases) so that the relative 
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reflection R increases as the system goes into low PLC flux states. 
Large values of the relative reflection are naturally expected in low 
PLC flux states. Thus, if the PLC variability can be accounted for 
by light bending, the increase of the relative reflection (and its large 
value) as the PLC flux drops from obs. 1 to 3 can be understood. 
Moreover, as the source height decreases and the PLC drops, the 
inner regions of disc are more and more illuminated, so that a rea- 
sonable expectation is that the ionisation parameter of the disc in- 
creases. This may explain the trend of increasing ionisation param- 
eter from obs. 1 to 3 (see Table 2). 

The model predicts that the Fe line flux is correlated with the 
PLC in low flux states, while it is almost constant in higher flux 
states. Furthermore, the Fe line EW should correlate with the re- 
flection fraction, or in other words, the EW computed with respect 
to the reflection continuum only (EWref) is predicted be roughly 
constant because, as in any reflection model, Fe line and RDC are 
expected to vary together. On the other hand, since the Fe line is 
predicted to vary much less than the PLC, the EW computed with 
respect to the PLC only (EWpLc) should be anti-correlated with 
the PLC and saturate only at low fluxes where Fe line and power 
law component are correlated. 

As a test of the model, we then measure the Fe line flux, the 
PLC flux, EWref, and EWpLC- Results are shown in Table 3 and 
Fig-El as predicted by the light bending model, the Fe line appears 
to be correlated with the PLC in low flux states and to saturate 
at higher flux levels (top panel of Fig. |4}. Moreover, EWref is 
almost constant, while EWpLC is anti-correlated with the PLC flux 
and possibly saturates at very low PLC flux, in excellent agreement 
with the model (middle panel). As already mentioned, the relative 
reflection R is anti-correlated with the PLC flux (bottom panel of 
Fig.EJ. 

Clearly, three observations are not enough to establish cor- 
relations properties with high level of significance. However, the 
behaviour of the iron line flux with respect to the PLC flux in 
XTE J 1650-500 has been also measured with RXTE during the 
same 2001/2002 outburst and results are reported by Rossi et al. 
(2003) where 176 pointed observations are discussed. The observed 
Fe line vs. PLC behaviour is remarkably similar to our present re- 
sults and to the predictions of the light bending model (see e.g. Fig- 
ure 5 of Rossi et al. 2003 and Figure 2 of Miniutti & Fabian 2004). 
Of course, this does not mean that light bending is really at work 
in this source and that other models can not explain the correla- 
tion properties. However, the strong similarity between theoretical 
predictions and observational data is manifest. 



5 DISCUSSION AND CONCLUSIONS 

We present a broadband spectral analysis of the BHC XTE J1650- 
500 during its 2001/2001 outburst. The three BeppoSAX observa- 
tions cover about 25 days starting from 2001 September 11, only 
a few days after the peak of the outburst. We have observed a 
broad Fe line profile in all three observations, confirming the de- 
tection with XMM-Newton by Miller et al. (2002a) during the 
very high state on 2001 September 13. The Fe line profile we ob- 
serve strongly suggests that the accretion disc extends down to 
Tin ~ 2, well within the limit of marginal stability for a non- 
rotating Schwarzschild black hole, thus indicating that XTE J1650- 
500 harbours a rapidly rotating (possibly maximally rotating) Kerr 
black hole. 

The Fe line emission is consistently associated with a strong 
reflection spectral component from the accretion disc. The reflec- 



tion dominated spectrum is also distorted by the special and gen- 
eral relativistic effects in the vicinity of the central black hole in the 
same way as the Fe line. The emissivity profile of the disc seems to 
be steeper than expected from standard disc models (/3 f» 3) sug- 
gesting that the primary source that illuminates the disc is centrally 
concentrated. 

From the first to the third observation, the power law com- 
ponent of the spectrum drops by more than one order of magni- 
tude. In the same time, the relative reflection increases by a factor 
3, suggesting that the spectrum becomes more and more reflection 
dominated as the power law flux decreases. We interpret this be- 
haviour in terms of a light bending model for the variability of 
X-ray sources that has been presented elsewhere (see Miniutti et 
al 2003, 2004). The variability of the Fe line flux and EW is also 
consistent with the predictions of this model and with previous ob- 
servations (Rossi et al. 2003). 
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Table 1. The 2.5-10 keV spectral analysis with MODEL 1. We do not report in the Table results on the narrow emission lines around 5 keV (NL model in the 
Table). These are Bune = 5-4 ± 0.1 in obs. 1, and Bune = 5.2 ± 0.2 in obs. 2 and 3, with an EW of 12 ± 6 eV in obs. 1 and 3 and an upper limit of 15 in 
obs. 2. 



MODEL 1 




PHABS X SMEDGE x [ PL + DISKBB + NL + LAOR ] 






r 


KT- 


^'line 


EW 




^in 




Tmax 


xVdof 


2.5-10 keV SPECTRUM ( MECS ) 


obs. 1 l-77l^;?^ 


0.63 ± 0.03 


6 60+° " 

O.DU_g j^Q 


320 ± 60 


4 36+°-^^ 


i-»o_0.64 


o Q+0.2 
°-^-0.3 


0.5 ±0.2 


146.1/147 


obs. 2 2.69t° 


0.62 ± 0.03 


'''-0.20 


340 ± 80 


4 28+°-^* 


^■'"-0.46 


8.3 ±0.4 


0.5 ±0.2 


188.4/147 


obs. 3 2.6 ± 0.3 


0.60 ± 0.03 


6 87+°-l 
"•°'-0.24 


260 ± 80 


5.2 ±0.3 


2 4+21 


8.2 ±0.4 


0.6 ±0.2 


138.2/147 



Table 2. The 1.5-200 keV spectral analysis with MODEL 2. The analysis has been restricted to the 1.5-60 keV energy band for obs. 1 (see text for details). 



MODEL 2 




PHABS X [CUTOFFPLI +NL12 


+ RELBLUR^ 


( PEXRIV + DISKBB + NL22 


)] 






r 








/3 




R 


« ( X 10* ) 


xVdof 


1.5-200 keV SPECTRUM ( LLCS + MECS + PDS ) 


obs. 1 

( 1.5-60 keV) 


-I O-I+0.08 


64+° °** 

'-'■"^-0.05 


fy /1O+0.12 


160 ± 60 


3.51 ±0.15 


1 34+" «2 

^-0.10 


0.80 ±0.5 


0.2 ±0.2 


402.5/324 


obs. 2 


9 ,0+0.03 
^•^•J_0.02 


0.67 ±0.02 


6 7l+° i3 


250 ± 80 


3.8 ±0.2 


1 67+°i9 


2.1 ±0.5 


1 0+°° 


533.5/434 


obs. 3 


2.08 ± 0.05 


0.63 ± 0.04 


6 69+°-^^ 


190 ± 90 




2 10+1-2° 


2.9 ± 1.0 


1 6+1-2 
l-°-0.9 


434.8/416 



1 The parameters of the CUTOFFPL are tied to those of the reflection model PEXRIV 

2 NLl is the narrow line around 5 keV, while NL2 is affected by relativistic blurring and represents the broad Fe line. In both cases, the width is fixed to zero. 
Only results on the broad line are reported, those on the narrow lines being identical to the previous 2.5-10 keV analysis (see caption of Table 1). 

^ The relativistic blurring RELBLUR is provided by the kernel of the LAOR model 

^ The Fe line EW (given in eV) is computed with respect to the total underlaying continuum (in Table 3, different ways of computing it are examined) 



Table 3. 1.5-200 keV unabsorbed flux of the main spectral components are shown together with the relative reflection and the Fe line EW computed with 
respect to the PLC only and to the reflection continuum only. Fluxes are in units of 10"^ erg/cm^ /s with the exception of the Fe line flux which is in units of 
10~ii erg/cm2/s. The line EW is given in eV. 



1.5-200 keV FLUXES FROM THE BROADBAND BEST FIT MODELS 









.FblSKBB 






-^line 


R 


EWpLC 


EWjiEF 


obs. 


1 


25.0 ± 7.0 


1.3 ±0.6 


18.2 ± 3.0 


5.4 ±3.2 


9 4+2-" 


0.8 ±0.5 


2551?° 


440 ± 120 


obs. 


2 


16 ±4.0 


9.2 ±0.5 


3.2 ±1.1 


3.6 ±1.2 


8.4 ±2.2 


2.1 ±0.8 


820 ± 180 


470 ± 120 


obs. 


3 


14.0 ± 2.5 


11.8 ±0.5 


1.2 ±0.8 


1.8 ± 1.0 


3.1 ± 1.2 


2.9 ± 1.0 


860 ± 250 


370 ± 160 



